The visual system is required to compute objects from partial image structure so that figures 2 can be segmented from their backgrounds. Although early clinical, behavioral, and modeling 3 data suggested that such computations are performed pre-attentively, recent 4 neurophysiological evidence suggests that surface filling-in is influenced by attention. In the 5 present study we developed a variant of the classical Kanizsa illusory triangle to investigate 6 whether voluntary attention modulates perceptual filling-in. Our figure consists of "pacmen" 7 positioned at the tips of an illusory 6-point star and alternating in polarity such that two 8 illusory triangles are implied to compete with one another within the figure. On each trial, 9 observers were cued to attend to only one triangle, and then compared its lightness with a 10 matching texture-defined triangle. We found that perceived lightness of the illusory shape 11 depended on the polarity of pacmen framing the attended triangle, although the magnitude of 12 this effect was weaker than when all inducers were of the same polarity. Our findings thus 13 reveal that voluntary attention can influence lightness filling-in, and provide important data 14 linking neurophysiological effects to phenomenology. 15
Introduction 16
The natural environment is cluttered with mutual occlusions among objects. Our ability to group 17 common parts of goal-relevant objects while segmenting them from distracting objects is a critical 18 visual function. Visual illusions provide powerful tools to probe the neural computations involved 19 in such perceptual organisation. Since being popularised several decades ago 1 , psychologists, 20 neuroscientists, and philosophers have used Kanizsa figures to debate the mechanisms underlying 21 the perception of occlusions, lightness and form. These figures give rise to a vivid percept of a 22 shape emerging from sparse information, and thus demonstrate the visual system's ability to 23 interpolate structure from fragmented information, to perceive edges in the absence of luminance 24 discontinuities, and to fill-in a shape's surface properties 1 . 25
Visual attention -focusing on some parts of an image -is known to modulate the perception of 26 figure-ground relationships. Driver of V1 and V4 neurons to object borders and surfaces. They found that, whereas the response of 51 neurons to an object's borders were relatively unaffected by attentional allocation, filling-in of an 52 object's surface was modulated by attention. 53
In contrast to the above studies suggesting an influence of attention over perceptual organization, 54 other investigations suggested perception of illusory Kanizsa figures is pre-attentive. Mattingley et 55 al 6 investigated whether Kanizsa figures were perceived by a stroke patient who experiences 56 "extinction", a phenomenal loss of awareness of contralesional stimuli when presented concurrently 57 with ipsilesional stimuli. Despite gross lapses in attentional allocation to the contralesional space, 58 this patient was nonetheless able to perceive Kanizsa figures whose illusory borders extended 59 across the visual meridian. This finding suggests that filling-in is a pre-attentive process. Davis and 60 Driver 7 drew a similar conclusion after having healthy participants perform a visual search task 61 involving illusory figures. They found that the time taken to find an illusory figure in a display did 62 not increase with additional search items, a hallmark of pre-attentive processing (but see reference 63 4
In the present study, we designed a multi-stable illusory figure to investigate whether observers' 65 visual attention can determine perceptual filling-in of illusory figures. Although an object's 66 boundary is typically defined by luminance, color, or texture contrast, borders can be perceived 67 where no physical difference exists when spatially discontiguous visual features are interpolated to 68 create illusory contours. The illusory edges of the sort produced by Kanizsa figures composed of 69 isolated 'pacman' inducers elicit contour responses in V2 neurons 9 and produce a vivid percept of a 70 shape. Of particular importance to the present study, the surface of Kanizsa figures are filled-in, 71 resulting in an apparent surface lightness of greater contrast than its immediate surrounds 1, 10 . 72
Kanizsa figures thus offer important insights into the mechanisms underlying perceptual 73 organization by providing minimal conditions under which multiple phenomena arise. 74 Our new figure is composed of two spatially overlapping Kanizsa triangles ( Fig. 1 ; Gaussian 75 blurred to strengthen the effect, see also 
5
We designed the stimulus in Figure 1 to control for the known lightness effect observed in the 89 classic Kanizsa figure. In Figure 2A we show our novel stimulus alongside two other variants of the 90 classic figure in which the inducers are all of the same polarity. When inducers are homogenous in 91 their luminance, any influence of attention on the illusory surface could minimise or amplify the 92 baseline illusion, and such an effect could be explained simply by an interaction of attention with 93 the low-level stimulus properties. In contrast, we designed the mixed-inducer condition such that 94 the perceptual outcome cannot be predicted by the low-level stimulus properties alone --depth 95 order and filling-in must be determined either stochastically, or according to an observer's selective 96 attention. It was also critical for our stimulus to imply two spatially overlapping figures to test the 97 hypothesis that depth order is determined prior to the stage at which visual attention operates e.g. 98 6 ,11 . Had we presented two spatially non-overlapping illusory figures, one defined by black inducers 99 and the other defined by white inducers, any modulatory effect of attention on filling-in could be 100 attributed to pre-computed structure (e.g. compare the apparent surface lightness of the 101 homogenous-inducer stimuli of Fig. 2A ). Therefore, the spatially overlapping implied triangles of 102 our mixed-inducer condition allows us to assess if selective attention can modulate depth order of 103 illusory surface properties inferred by the visual system. 104
Results

105
We investigated whether filling-in of an illusory surface can be modulated by voluntary endogenous 106 attention. A typical trial sequence of our psychophysical task is shown in Figure 2C . Observers (n = 107 15) reported the apparent lightness of only the upward oriented illusory triangle or only the 108 downward oriented illusory triangle by comparing it with a luminance-defined matching triangle 109 presented on a background of white noise. To draw observers' attention to one of the two illusory 110 triangles, they were instructed to judge only the figure that matched the orientation of the 111 luminance-defined triangle. We thus directed observers to attend to an illusory triangle defined by 112 white (or black) inducers endogenously without making reference to the colour of the inducers. We 113 refer to this condition as the "mixed inducer" condition. For comparison, we also included 114 conditions in which all inducers were black or white ("homogenous inducer" condition; Fig. 2A) . 115
Whereas the critical mixed inducer condition allows us to investigate clearly the influence of 116 voluntary attention on perceptual filling-in, the homogenous inducer condition provides a baseline 117 in which conflict between competing structural cues is reduced. Finally, we further tested whether 118 filling-in was affected by certainty of edge location by applying varying levels of blur to the 119 Kanzisa figure and matching triangle background (Fig. 2B) . The inducer condition, orientation of 120 6 the illusory figure, matching triangle, level of blur, and display side of the matching triangle were 121 all counter-balanced across trials (see Methods for all experimental details). 122 123 
137
We defined perceived lightness as a point of subjective equality (PSE), the mid-point of the 138 psychometric function fit to the proportion of "lighter" responses as a function of the contrast of the 139 matching triangle. Psychometric functions fit to data collapsed across participants and blur 140 condition are shown in Figure 3 . These fits were calculated without the most blurred condition in 141 which the results were different than the other conditions (see Fig. 4A ). 
151
PSEs for all conditions, averaged across participants, are shown in the right panel of Figure 4A . For 152 all but the most blurred condition of the mixed inducer condition, illusory triangles defined by black 153 inducers were perceived as lighter than illusory triangles defined by white inducers. This effect 154 appears to be weakest for the two least blurred conditions. We verified these observations with 155
Bayesian paired samples t-tests, comparing PSEs across inducer polarity within each blur level. 156
There was strong evidence of a difference for the three most blurred conditions, but equivocal 157 evidence of a difference of PSEs within the two least blurred conditions (BF10 in order of least to 158 most blurred = 0.821, 1.627, 66.64, 10.585, and 80.393). Therefore, despite being shown the same 159 image (within each blur condition), observers' perceptual reports depend on their attentional goals. 160
We included a homogenous inducer condition in which all inducers were of the same polarity in 161 each trial. This condition provides little ambiguity over the interpretation of the figure, but we 162 nonetheless instructed observers to attend to only the shape cued by the texture-defined triangle. 163
The homogenous inducer condition thus gives an indication of the upper-bound of the difference in 164
PSEs between black vs white inducer conditions. Data from this condition are shown in the right 165 panel of Figure 4A , and reveal a stronger effect of inducer polarity than the mixed inducer 166 condition, with equal strength across all but the most blurred condition. Bayesian paired samples t-167 tests revealed strong evidence of a difference in PSE between the inducer polarities for the four 168 
181
The strength of the effect of attention on PSEs is further summarized in Figure 4B . In this figure we 182
show the difference between attending to the figure in black inducers vs attending to the figure in 183 white inducers for all conditions. To formally test for whether there was a difference between 184 mixed vs homogenous inducer conditions, we submitted these difference scores to a 5 x 2 repeated 185 measures Bayesian ANOVA, with factors blur level (5 levels of blur), and inducer type (2 levels: 186 mixed vs homogenous). The best model included the two main effects (blur level + inducer type: 187 BF10 = 5.264e+17). There was strong evidence against an interaction between factors (BF10 = 188
0.116). 189
Finally, we found weak to moderate evidence against a difference in the slope parameter of the 190 psychometric functions for all black vs white inducer comparisons in Figure 4A We found that the strength of filling-in was weaker in the mixed-inducer condition than the 208 homogenous inducer condition (Fig. 4B ). There could be several reasons for this. First, there is a 209 larger signal implied by the homogenous inducer condition, since all inducers share the same 210 polarity. Second, lapses in attention on any given trial will have more impact on the mixed-inducer 211 condition in which the opposite polarity inducers imply competing surface arrangements. Third, the 212 modulatory effects of attention on filling-in in our mixed-inducer condition may simply be weaker 213 than in cases in which attentional selection plays no role, which may have been the case in the 214 homogenous inducer condition if observers perceived a star. Addressing this issue requires further 215 investigation. Nonetheless, our finding of a difference in perceived lightness when black versus 216 white inducers were attended in the same image (mixed inducer condition) reveals that illusory 217 lightness is contingent on observers' attentional goals. For all but the most blurred conditions, we 218 found filling-in was not substantially moderated by the amount of spatial blur added to the illusory 219 figures induced by homogenous pacmen. This finding is consistent with the idea that filling-in 220 involves broadly tuned spatial filters that are insensitive to high spatial frequencies. We did, 221 however, find a reversal of the direction of filling-in for the most extreme blur (rightmost point in 222 left panel of Fig. 4A ). We speculate that the explanation for this is straightforward: because the 223 inducers were so blurred that the implied tips of the triangles, and thus the illusory figure, were 224 abolished. In this case, filling-in would be consistent with the contrast of the inducers, rather than 225 opposite to them. It is also worth noting that observers have a large bias to report the inner area of 226 the figure as lighter in their responses for the most blurred homogenous inducer condition. This 227 observation is not predicted by current accounts of filling in but we speculate that it could be related 228 to the blackshot mechanism 13 that amplifies the relative salience of the dark inducers. 229
It has been shown that visual attention can affect perception over short timescales in multiple ways, 230 such as by increasing apparent contrast or spatial frequency 14 . Any such effect in the present study 231 requires an initial grouping stage, such that changes in contrast were selectively applied to only 232 some features of the image. Selectively attending to only the inducers surrounding the cued target 233 shape could cause illusory spreading of the apparent surface lightness. Whereas previous studies 234 have shown that visual attention can influence depth order 2 or even surface lightness of semi-235 transparent discs 3 , the case presented here is unique in that it shows observers' task instructions 236 alter the visual system's inference, creating one of multiple competing illusory surface appearances 237 and arrangements. 238
Recent evidence suggests that cells in V2 play an important role in this process 4, 11, 15, 16 . V2 cells are 239 selective for an object's borders and the relative position of the object. A network of such " figure-240 ownership" cells may be supported by grouping cells, thus encoding figure-ground structure 241 essential for visual cognition. Indeed, recent work has shown that when visual attention is allocated 242 to a region of space from which a grouping cell is currently receiving structured input, figure-243 ground segmentation is enhanced by feedback from the grouping cell to its connected figure-244 ownership cells 4, 11, 15 . This model may account for our results. Attending to the upright (or inverted) 245 triangle would result in the grouping cell enhancing the structured input to only the corresponding 246 shape, biasing the processing of form and systematically altering perceptual organization. Our 247 results are also consistent with recent neuro-imaging research in humans using 248 electroencephalogram, in which top-down attention modulates early neural activity associated with 249 illusory contour formation 17 . Our study provides important data that supports the notion that such 250 top-down signals modulate perceptual phenomenology. 251
Our study thus helps to bridge a gap between psychophysical and neurophysiological investigations 252 of figure-ground segmentation. Consistent with the activity of V4 neurons found by Poort et al 5 , we 253 found that perceptual filling-in of an object's surface is modulated by attention. However, unlike 254 the conclusion of Poort et al that attention does not modulate the responses to the object's borders, 255 our preliminary data using a similar figure to the present study suggests border computations also 256 depend on voluntary attention 12 . 257
